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RESUMO 
Resíduos contendo lipídios são gerados pelas indústrias petroquímica, de laticínios, curtumes 
e matadouros. A remoção desses lipídios geralmente é feita por caixas de gordura ou 
flotadores com ar dissolvido. Esta forma de remoção de lipídios, normalmente gera outro tipo 
de resíduo, o lodo químico, o qual precisa de descarte adequado. Geralmente, os lipídios nos 
resíduos são emulsionados e a sua separação química pode ser induzida pela adição de 
agentes de-emulsificantes como uma alternativa aos tratamentos convencionais. A quitosana é 
um biopolímero catiônico que pode adsorver a interfaces negativamente carregadas de 
emulsões óleo / água formando complexos e consequentemente à desestabilização de 
emulsões. Assim, a quitosana surge como uma alternativa aos processos convencionais de 
tratamento de resíduos oleosos. A estruturação em nanoescala desses complexos pode 
melhorar seu uso como de-emulsificante, uma vez que partículas menores são adsorvidas mais 
facilmente na interface da emulsão. Desta forma, este trabalho foi dividido em duas etapas. 
Produção de oligômeros de quitosana por meio de hidrólise enzimática. Nesta etapa, as 
alterações na molécula de quitosana devido à hidrólise foram determinadas pelo tamanho, 
densidade de carga superficial, grau de desacetilação, índice de cristalinidade e medidas de 
tensão interfacial. A hidrólise levou à redução do tamanho da quitosana e da densidade de 
carga superficial. Tanto a desacetilação quanto o índice de cristalinidade foram menores para 
as nanopartículas de quitosana em comparação com a quitosana. Além disso, a formação do 
complexo eletrostático (PECs) entre quitosana e isolado de proteína de soro de leite e entre 
oligômeros de quitosana e isolado de proteína de soro foram avaliados. A influência dos PECs 
na tensão interfacial também foi estudada. Os PECs promoveram uma melhora na tensão 
interfacial em relação aos polímeros puros, sendo que os PECs positivos apresentaram a 
menor tensão interfacial. Na segunda etapa, a quitosana e suas nanopartículas foram aplicadas 
em uma emulsão modelo óleo / água para estudo do processo de desestabilização de 
emulsões. O modelo da emulsão baseou-se na composição de resíduos lácteos e, portanto, o 
isolado proteico de soro foi utilizado como emulsionante. Técnicas de microscopia ótica e 
eletrônica foram realizadas para elucidar o mecanismo de desestabilização da emulsão por 
quitosana. A adição de quitosana e oligômeros às emulsões levou a uma fase aquosa clara 
comparada a emulsão controle (sem quitosana ou oligômeros). Assim, a análise de cor e a 
determinação da demanda química de oxigênio (DQO) foram realizadas na fase aquosa de 
todas as emulsões. Emulsões adicionadas de oligômeros tiveram os maiores valores de L * e 
os menores valores de DQO. O oposto foi observado no controle de emulsão. A concentração 
  
e o tamanho da quitosana influenciaram a desestabilização das emulsões. Emulsões com 
menores concentrações de oligômeros apresentaram o maior índice de separação de água. Este 
trabalho mostrou que a adição de quitosana e / ou seus oligômeros a emulsões não levou à 
coalescência de gotículas de óleo. No entanto, a adição de quitosana e / ou oligômeros 
promoveu desestabilização e separação da fase aquosa da emulsão. Além disso, a associação 
entre quitosana e / ou seus oligômeros e o isolado de proteína de soro resultou em redução da 
DQO das fases aquosas da emulsão. Desta forma, a adição de quitosana e seus oligômeros 
pode ser uma alternativa aos tratamentos convencionais de resíduos de laticínios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
ABSTRACT 
Wastes containing lipids are generated by the petrochemical and dairy industries, tanneries 
and slaughterhouses. The removal of these lipids is usually done by grease boxes or by floats 
with dissolved air. This commonly generates another type of waste: the chemical sludge, 
which needs proper disposal. Generally, lipids in wastes are emulsified and their chemical 
separation may be induced by the addition of de-emulsifying agents as an alternative to the 
conventional treatments. Chitosan is a cationic biopolymer that can adsorb to negatively 
charged interfaces of oil / water emulsions forming complexes and leading to emulsions 
destabilization, emerging as an alternative to conventional oily waste treatment processes. The 
nano-scale structuring of these complexes can enhance its use as de-emulsifier, since smaller 
particles can adsorb more easily onto the interface of the emulsion. In this way, this work was 
divided into two parts. Production of chitosan oligomers through enzymatic hydrolysis. On 
this step, changes on chitosan molecule due to hydrolysis were determined by size, surface 
charge density, degree of deacetylation, crystallinity index and interfacial tension 
measurements. The hydrolysis led to the reduction of both chitosan size and surface charge 
density. Both deacetylation degree and crystallinity index was lower for chitosan 
nanoparticles comparing to chitosan. In addition, the electrostatic complex (PECs) formation 
between chitosan and whey protein isolate and between chitosan oligomers and whey protein 
isolate were evaluated. Also, the influence of these PECs on interfacial tension was studied. 
PECs promoted an improvement in the interfacial tension in relation to the pure polymers. 
The positive PECs showed the lowest interfacial tension. Application of chitosan and its 
nanoparticles in an oil / water model emulsion to study the emulsion destabilization process. 
The emulsion model was based on the dairy waste composition and therefore whey protein 
isolate was used as emulsifier. Water separation index, optical and electron microscopy 
techniques were performed to elucidate the emulsion destabilization mechanism by chitosan. 
Chitosan and oligomers addition to emulsions led to a clear aqueous phase comparing to 
control emulsion (without chitosan or oligomers). Thus, color analysis and determination of 
chemical oxygen demand (COD) were performed in the aqueous phase of all emulsions. 
Emulsions added of oligomers had the highest L* values and the lowest COD values. The 
opposite was observed on control emulsion. The concentration and size of chitosan influenced 
the destabilization of emulsions. Emulsions with lower concentrations of oligomers presented 
the highest water separation index. This study showed that the addition of chitosan and / or its 
oligomers to emulsions did not lead to oil droplets coalescence. However, the chitosan and / 
  
or oligomers addition promoted emulsion destabilization and separation of the aqueous phase. 
In addition, the association between chitosan and / or its oligomers and whey protein isolate 
resulted in COD reduction of the emulsion aqueous phases. In this way, the addition of 
chitosan and its oligomers may be an alternative to conventional dairy waste treatments. 
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1. Introduction 
 The food industry plays an important role in the Brazilian national economy. The dairy 
industry stands out among the four main sectors: meat; processing of coffee, tea and 
derivatives; sugars and dairy products (CARVALHO, 2010). Milk production in Brazil 
increased at a rate of 2.7% per year between 2012 and 2015. In 2017, it was estimated an 
increase in 1.0% on milk production with a total milk production around 34.9 million liters of 
milk (CONAB, 2017). In parallel with this production, there is a large generation of waste, 
since for each liter of processed milk are generated approximately 0.2 to 10.0 liters of waste 
are generated (KARADAG et al.,2015). 
Among the sources of liquid discarded in the dairy industry are the product spills due 
to equipment failure and rejected products (GUIA, 2013). These residues may contain high 
levels of lipids, which represent a major loss for the dairy industry. Moreover, the adoption of 
a greater rigor in the quality of wastewater has motivated researches with the objective of 
reduce the environmental impact of effluent disposal (MENDES & CASTRO., 2005). The 
chemical separation of lipids by the addition of de-emulsifying agents is an alternative to the 
conventional treatments performed by the dairy industry. In this context it is worth 
mentioning chitosan as a potential de-emulsifier. 
Chitosan is a cationic polymer formed by β- (1,4) -2-amino-2-deoxy-D-glucopyranose 
and N-acetyl-D-glucosamine residues. Its structure presents reactive amino groups having 
predominantly positive charge, which are capable of interacting electrostatically with other 
molecules (DAMIAN et al., 2005, NYAGAARD et al., 2015, CHIAPPISI & GRADZIELSKI 
2015). Besides these properties, due to its biodegradability and non-toxicity, chitosan has 
been studied as an adsorbent in several systems for the removal of dyes, lead and also in 
systems containing emulsified residues (AHNMAND et al., 2006; DOTTO et al., 2013). Due 
to the presence of acetyl groups in the unit of β- (1,4) -2-amino-2-deoxy-D-glucopyranose 
(NYGAARD et al., 2015), chitosan also presents a hydrophobic character. These 
characteristics make chitosan a potential de-emulsifying agent for application in the treatment 
of emulsified residues. An important aspect for the de-emulsifying agent is their facility to 
adsorb onto the emulsion interface. The adsorption of a substance could be intensified by 
increasing the surface area, which can be obtained by its nanoscale structuring (XUE & 
WILSON, 2015). One of the ways to obtain chitosan at nanoscale is through its enzymatic 
hydrolysis, that could be done by specific and non-specific enzymes. Among the non-specific 
enzymes, papain could be an alternative, due it low cost.  
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In this way, it is important to understand the behavior of chitosan in emulsions and the 
mechanisms by which destabilization of the emulsion occurs in the presence of this 
polysaccharide. 
1.2. Objectives 
The main objective of this project was to modify chitosan and understand how this 
polysaccharide acts in the de-emulsification of oil in water emulsions, as well as the influence 
of its concentration and degree of deacetylation on the phase separation. The focus of this 
study was the dairy wastes, which are stabilized by whey proteins. Thus, the electrostatic 
complexes (PECs) between chitosan and whey protein isolate (WPI) were studied. Detailed 
objectives of the work were:  
 To produce modified chitosan through enzymatic hydrolysis with papain and to 
evaluate the modifications on chitosan structure: size, surface charge density, degree 
of deacetylation and crystallinity. 
 
 To evaluate and compare the de-emulsifying capacity of commercial chitosan and 
modified chitosan and understand de-emulsification mechanisms through a model 
emulsion. 
 
 To evaluate the influence of concentration and size of chitosan and modified chitosan 
on the de-emulsification process and also on the reduction of the chemical oxygen 
demand (COD) in the aqueous phase of the emulsion model. 
 
 To evaluate the electrostatic complexes (PECs) formation between commercial 
chitosan and whey protein isolate and also between modified chitosan and whey 
protein isolate. 
 
 To evaluate how the modifications of the chitosan structure caused by the hydrolysis 
affected the formation of the PECs as well as their emulsifying capacity by the 
evaluation of changes on oil/water interfacial tension  
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1.3. Dissertation structure 
The functionality of chitosan is related to various properties of the molecule, such as 
its molecular weight, degree of deacetylation, size, charge density and crystallinity index. 
Enzymatic hydrolysis changes chitosan properties and consequently its functionality. In order 
to facilitate the understanding of the structural modifications of chitosan on its properties, this 
dissertation was structured according to the division presented below. 
 Chapter 1: Introduction and objectives; 
  Chapter 2: Theoretical Background; 
 Chapter 3: Materials and Methods; 
 Chapter 4: Results and discussion; 
Section A: Electrostatic complexation between chitosan oligomers and whey protein 
isolate (WPI): size, charge density and interfacial properties. 
In this section the modifications on chitosan structure due to hydrolysis were studied. 
Degree of deacetylation, size, surface charge density and crystallinity index of chitosan and its 
oligomers were measured. In addition, it was evaluated how the changes on chitosan structure 
affect the electrostatic complexes formation with whey protein isolate. The complexes were 
characterized by their size, charge density, FT-IR analysis and interfacial tension. The 
morphology of complexes formed between commercial chitosan and WPI were evaluated by 
transmission electronic microscopy.  
Section B: Effect of chitosan and their oligomers on destabilization of oil/water 
emulsions containing whey protein isolate as emulsifier. 
In this section the role of chitosan on the destabilization of an O/W emulsion stabilized 
by the whey protein isolate was studied. The emulsions studied in this chapter were developed 
in order to simulate dairy wastes. It was also evaluated the reduction of the chemical oxygen 
demand (COD) of the aqueous phase with the addition of chitosan and its oligomers.  
 Chapter 5: Conclusions 
 Chapter 6: Bibliographic References 
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 This chapter presents an overview about dairy industries in terms of their importance, 
waste generation and their conventional treatments. In addition, a brief overview about 
emulsions, rheology, chitosan, whey protein isolates (WPI) and electrostatic complexes 
ispresented. 
2.1. The dairy industry and conventional waste treatments 
 
 Dairy industry has worldwide importance for food, nutrition and economy. According 
to the FAO (Food and Agriculture Organization of the United Nations), in 2012 
approximately 754 billion liters of milk were produced. In Brazil, about 35 billion liters of 
milk were produced in 2013, making Brazil the third country in the world ranking, behind 
India and United States. In 2016, Brazil was the fifth largest producer of milk worldwide and 
it was estimated that milk production in that year was 34.6 million tons (CONAB, 2017). 
Proportionally to these production, to this high production, occurs the production of dairy 
wastes. The characteristics of dairy wastes vary according to the size of the factory, the 
methods used for cleaning-up the installations and also the type of processing used and the 
product manufactured. As an example, the wastes from ice cream production has pH generally 
neutral, while the whey is slightly acid, approximately 4.46. The major constituents of dairy 
wastes are: lactose, soluble proteins, lipids (oils, greases, fats and free fatty acids) and 
minerals (GUIA, 2013 or 2014, KARADAG et al., 2015). 
 The control and treatment of industry wastes are made of a sequence of unit operations 
and processes. The conventional treatment can be summarized in three subsystems: 
preliminary treatment, primary treatment and secondary treatment. In preliminary treatment, 
the removal of coarse solids takes place by sieving, a physical operation. Afterwards, the 
waste passes through the primary treatment. In this stage, the suspended solids and fats are 
removed through grease boxes or flotation by air injection. At this stage, there is a reduction 
of the biochemical oxygen demand (BOD) and the effluent is then destined to the secondary 
treatment. The second treatment is the last step of the traditional waste treatments, in which 
there is a reduction of the organic matter through biological processes (GUIA, 2013). 
 On dairy wastes, the lipid content is higher than 1500 mg.L
-1
 and the chemical oxygen 
demand (COD) is approximately 3000 mg.L
-1
. COD values could be around 5000 mg.L
-1
, 
depending on the production of cheeses and derivatives (MENDES et al., 2006). The adoption 
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of more rigorous wastewater disposal standards has being stimulating researches that aim to 
reduce environmental impacts, especially the impacts of effluents containing high levels of 
lipids, such as dairy products, slaughterhouses and poultry, canning, extraction oils, among 
others. The National Water Resources Policy, was established by Federal Law N
o
. 9.433 of 
January 8
th
, 1997. This law deals with the collection of water bodies for the purpose of 
launching liquid evictions. The lipids contained in these effluents, besides representing an 
important industrial loss, interfere negatively in the Effluent Treatment Systems. High lipid 
concentrations result in the formation of sludge with different physical characteristics and 
reduced hydrolytic activity. The flotation of sludge increases the hydraulic retention time of 
these effluents in the stabilization ponds, reducing the capacity of aerators and high demand 
of flocculants products are needed. In addition to these technical problems, the environmental 
problems caused by lipids must therefore be considered, such as the formation of an oil film 
on the aquatic surfaces that prevent the diffusion of oxygen from the air to the environment, 
(MENDES et al., 2005; BYSTRZEJEWSKA-PIOTROWSKA, 2009; ALVES et al., 2001; 
HWU et al., 1998). 
 Removal of lipids in the free state is usually performed by fat boxes that allow 
separation of the lipid fraction by manual withdrawal or by scrapers on the surface. Dissolved 
air floats are also used, especially when the oil is emulsified. In addition, flotation treatment 
has high operating costs, as well as generating chemical sludge, that must have a suitable 
destination (MENDES et al., 2005). In addition, floats are not efficient when the emulsion is 
stable. The chemical separation of lipids from emulsified residues by the de-emulsification 
process is an alternative to conventional treatments. 
2.2. Emulsion and de-emulsification 
 An emulsion is formed by two immiscible liquids, usually water and oil, in which one 
of the liquids is dispersed in the other in the form of small spherical droplets 
(MCCLEMENTS, 2005). The most common types of emulsions are schematically depicted in 
Figure 1. The emulsions can be classified according to the spatial distribution of the phases, 
being water-in-oil (W/O) or oil-in-water (O/W). Emulsions of the O W type are formed by oil 
droplets dispersed in an aqueous phase, such as those observed in milk, mayonnaise, soup, 
sauce, yogurt. The W/O emulsions are those which have droplets of dispersed water in an oil 
phase and the main examples in foods are butter and margarine. In addition to the cited 
emulsions, there are the multiple emulsions: a complex emulsion system in which W/O or    
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O/W emulsions are dispersed in another immiscible phase. The multiple emulsions include 
water in oil inwater (W/O/W) and oil in water in oil (O/W/O) emulsions and are found in 
foods, pharmaceuticals and cosmetics (TADINI et al 2016; WONG et al., 2015; 
MCCLEMENTS, 2005). 
 
 
 
 
 
 
 
 
The emulsions consist basically of three main zones: the dispersed phase that is 
formed by the droplets, the continuous phase composed of the liquid that surrounds the 
droplets and finally the interface, which exerts a great influence on the physicochemical 
characteristics of the emulsions, including rheology and the energy required for formation and 
stability and. Each of these zones has different physicochemical characteristics. The 
molecules that constitute the emulsion are distributed in the phases according to their 
concentrations and polarities. Apolar and polar molecules tend to be located respectively in 
the oil phase and in the aqueous phase, respectively, while amphiphilic molecules, those 
having an apolar and a polar portion, remain at the interface. (MCCLEMENTS, 2005). 
Emulsions are thermodynamically unstable systems which naturally destabilize over 
time. By "emulsion stability" is meant its ability to withstand changes over time: the more 
stable the emulsion, the less its properties change over time. The stability of the emulsion can 
be increased by three main ways: decreasing the density difference between the phases, 
reducing droplet size and increasing the viscosity of the continuous phase. (TADINI et al 
2016; MCCLEMENTS, 2005) 
Several mechanisms promote emulsion instability, that is related to the velocity of 
droplets displacement and interface disruption, leading to droplets coalescence. The 
Oil 
Water 
Oil droplet Water droplet 
Figure 1: Schematic representation of  emulsions: (a) O / W emulsion, (b) W / O 
emulsion. Adapted from MORAIS et al, 2016. 
O/W 
W/O 
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consequence of emulsion instability is the phase separation. In this process the emulsion is 
converted into two limpid phases, the oil phase and the aqueous phase. The de-emulsification 
process is shown in Figure 2. This process begins with the flocculation of the droplets on 
dispersed phase of the emulsion. The de-emulsification occurs until the droplets coalesce and 
two clear phases are formed: the oily and aqueous (HEERES et al, 2014). Flocculation is the 
process in which two or more droplets associate, but maintain it individual integrity. The 
result of flocculation is an increase in particle size, which becomes important for the next step 
to occur. The thrust, a force caused by the difference in density existing between the 
continuous phase and the dispersed phase, results in droplet motion. In the case of O / W 
emulsions such as those found in oily residues, cream occurs when the droplets are close and 
move to the top of the emulsion. During creaming, droplets that previously had their physical 
integrity, coalesce and forms a larger droplet until the complete separation emulsion phases 
occurs (MCCLEMENTS, 2005; TADINI et al, 2016; HEERES et al, 2014). 
 
 
 
 
 
 
The emulsion destabilization can be achieved by physical methods, such as high speed 
centrifugation or chemical methods. Chemical methods consist of the addition of de-
emulsifying agents, which will act in the steps of emulsion separation (flocculation, creaming 
and phase separation). Dairy oily residues are mostly oil / water emulsions which, due to the 
large amount of hydroxyl groups present in the water phase molecule, have the negative 
interface that inhibit droplets coalescence. Due to the electrostatic repulsion between the 
droplets the destabilization of this type of emulsion can be achieved by the addition of 
positively charged molecules, which will decrease the electrostatic repulsion, allowing its 
approximation and coalescence (MCCLEMENTS, 2007; MARINOVA et al., 1996). 
Figure 2: Emulsion breakdown stages: I. Flocculation; II. Creaming; III. Phase separation 
Adapted from MCCLEMENTS, 2005 
I II III 
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2.3. Rheology 
 The first use of the word rheology was attributed to Eugene C. Bingham in defining 
that "everything flows". Nowadays, rheology is well established as the science that studies the 
flow and deformation of matter: it is the study of the way in which the different materials 
respond when subjected to stress and deformation (TONELI et al, 2005). 
Fluids are classified in Newtonian and Non-Newtonian according to the rheological 
behavior. For Newtonian fluids the relationship between shear stress (σ) and strain rates is 
linear. The viscosity (μ) is the constant of proportionality that represent the linear relationship 
and can be used to characterize the behavior of substances that follow Newton's Law. Non-
Newtonian fluids are those in which the viscosity, in the case of apparent viscosity, is also 
influenced by the shear rate (γ)̇̇), which means that the ratio between shear rate and stress is 
no longer linear. Most non-Newtonian fluids can have their behavior divided into shear-
thinning, shear-thickening, Bingham plastics and Herschel Bukley (TADINI et al., 2016). 
Rheological measurements (steady state, controlled voltage and oscillatory tests) provide 
information on the stability / physical instability of the emulsion (TADROS, 2004). Such 
measurements may be used to separately evaluate each de-emulsification step. 
The de-emulsification process begins by droplet flocculation followed by droplets 
coalesce and the formation of two clear, oily and aqueous phases. The main rheological 
methods for evaluating flocculation in an emulsion are steady-state, creep and oscillatory 
measurements. In the case of the steady-state tests, from the values of σ (shear stress) and τ 
(shear rate) it is possible to adjust for each rheological models (newtonian or non-newtonian). 
The parameters of each model could be related with flocculation. For Bingham model, for a 
given volume fraction of the emulsion and in a given droplet size distribution, higher values 
of σ0 and K (consistency index), are related to more flocculated emulsions (TADROS, 2004).  
Another measurement used, considering the oscillatory tests is the frequency sweep. 
By this type of measurement it is possible to obtain the energy stored (G') and dissipated (G") 
in an oscillation cycle. G’ is related to the attraction energy between the droplets. During 
flocculation, the droplets approach occurs and as a result the increase in the G' value is 
observed (TADROS, 2004). 
24 
 
2.4. Chitosan 
Chitosan (Figure 3) is a polysaccharide, composed of β- (1,4) -2-amino-2-deoxy-D-
glucopyranose (glycosamine) residues and few or no unit of N-acetyl-D-glucosamine, 
according to their degree of deacetylation. The amino groups present in the chitosan have pKa 
lower than 6.5, i.e., the amino groups are predominantly positive charged at pH values below 
the pKa. (NYGAARD et al., 2015). 
 
 
Figure 3: Chitosan structure. Adapted from PATEL, 2015. 
 
Chitosan has been widely used in a wide variety of applications, once its production 
process is relatively cheaper. It is a non-toxic, biocompatible, biodegradable polysaccharide 
with high reactivity. Chitosan can be obtained by different processes, with chitin being its 
precursor (ALSABAGH et al., 2015, LAI et al., 2014). 
The residues generated from the processing of fish, especially shrimp, crab and krill, 
are composed mostly of carapaces and shells, which have a large amount of chitin in their 
structure. The most common method of obtaining chitosan is through deacetylation, which is 
based on heat treatment of chitin at alkaline pH (LI et al., 2012). Another process to obtain 
hydrolyzed chitosan is through enzymatic hydrolysis, which can be performed by enzymes 
such as lysozyme, papain, bromelain and pepsin; or specific enzymes, such as chitinase and 
chitosanase (LI et al., 2012). The enzyme hydrolysis method has advantages over chemical 
methods (deacetylation with NaOH), since the enzymes operate under mild conditions and are 
highly specific (YANG et al., 2015; ALSABAGH et al., 2015; LAI et al., 2014; PICONE & 
CUNHA, 2013ª). 
On chitosan structure, there are also reactive amino and hydroxyl groups that allow the 
chemical functionalization of the molecule, and can produce several modified chemical forms, 
with more intense antimicrobial, anti-inflammatory and mucoadhesive properties 
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(CHIAPPISI & GRADZIELSKI 2015). The polyelectrolytic properties of chitosan allow it to 
be used in coagulation / flocculation processes for the treatment of wastewater with a high 
concentration of emulsified lipids, as demonstrated in the study by Ahmad et al. (2006), in 
which chitosan presented as an efficient agent in the removal of residual palm oil from the 
industrial effluent when compared to commonly used agents, such as aluminum sulphate. The 
behavior of chitosan in aqueous solution varies according to its molecular structure, the extent 
of its hydrophobicity and also its degree of acetylation: the higher its degree of acetylation, 
the more hydrophobic is chitosan and consequently its dissolution becomes more difficult. 
Chitosan is employed over a wide molecular weight range, ranging from 50 kDa to 1 MDa. Its 
load density varies according to the degree of deacetylation and pH, which consequently 
affects its solubility, viscosity and crystallinity (XUE & WILSON, 2015; RENAULT et al., 
2009). 
 Chitosan structure renders its molecule with amphiphilic characteristics: the amino 
group, ie the N-acetyl-D-glucosamine units is strongly hydrophilic while the residues of β- 
(1,4) -2-amino-2- deoxy-D-glucopyranose are responsible for their hydrophobic properties. 
The fact that the chitosan molecule is amphiphilic gives rise to its surface activity. The non-
polar acetyl groups will associate with the oil phase while the polar groups will associate with 
the aqueous phase. Several studies cited by Nyagaard et al., (2015) were carried out with the 
objective of investigating the interfacial tension of chitosan. In general, these studies 
concluded that chitosan presents a low surface activity, however, these studies used chitosan 
at low concentrations (NYGAARD et al., 2015). 
The emulsifying properties of chitosan have also been studied by several authors. One 
of the first studies using chitosan as an emulsifier was presented by Schulz et al. (1997), who 
studied multiple emulsions (W/O/W) using sunflower oil and chitosan as an emulsifier and 
concluded that chitosan can behave as a mixture of surfactant with different HLB 
(hydrophilic-lipophilic balance) values, wherein the more hydrophobic part of the chain 
stabilizes the O/W emulsion droplets and the more hydrophilic part is responsible for 
stabilizing the inner droplets formed by an W/O emulsion. Payet and Terentjev (2008) 
evaluated the stability of chitosan as an emulsifier without adding any surfactant to the 
emulsion. In this study it was observed that the main mechanism for emulsion formation was 
by increasing the viscosity of the continuous phase by the chitosan molecule and not by its 
surface activity. The stabilizing effect of chitosan on emulsions occurs mainly by the 
modification of the texture, for example by acting as a thickener or gelling agent. By 
increasing the viscosity of the continuous phase, chitosan increases the stability of the 
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emulsion to the cream. Another important function of chitosan in emulsion stabilization is 
related to the adsorption of the molecule in the emulsion drops stabilized by surfactants, 
proteins and oppositely charged polymers, thus creating an interfacial membrane 
(NYGAARD et al., 2015). 
Chitosan has also been applied as a flocculating agent in different colloidal systems, 
including bacteria, algae, latex particles and emulsions (NYGAARD et al., 2015). The main 
effect observed in emulsion flocculation mechanisms involving chitosan is related to 
hydrophobic interactions. The ability of chitosan to induce flocculation increases as the 
fraction of the hydrophobic acetyl groups in the molecule chain increases. The areas rich in 
acetyl groups of the chitosan chain associate with the oil droplets of the emulsion and form 
polymeric bridges, which results in flocculation and accelerates the cream process 
(NYGAARD et al., 2015) 
2.5. Whey protein isolate 
Whey is a dairy by-product of cheese processing or obtained from the production of 
casein (~ 6%) (GANJU & GOGATE, 2017). Whey protein is rich in various nutrients, such as 
mineral salts, lactose and proteins. The main proteins of whey are the β-lactoglobulin 
(50.3%), α-lactalbumin (19.0%), immunoglobulins (12.3%), proteases (12.3%) and bovine 
serum albumin (6.1%). Lactoferrin and lactoperoxidase are also present in smaller quantities. 
(CHUNGCHUNLAM et al, 2017; KHEM et al, 2016, DAS & TSIANOU, 2017, KILARA & 
VEGEHLA, 2018). The isoelectric point (pI) of whey protein is 5.0-5.5 (MANTOVANI et al, 
2018) and for β-lactoglobulin is approximately 5.2 (MORAND et al., 2012).  
Although whey is still considered a waste in the developing countries, industries have 
increasingly resorted to various types of technology to recover the major components of whey 
due to its high nutritional value. Approximately 70.0% of the serum is processed into different 
products and about 30.0% is still used in agriculture as fertilizer or feed. (GANJU & 
GOGATE, 2017; BOŽANIĆ et al, 2014). 
The major nutrient recovered from whey are proteins with high nutritional value. 
Whey proteins have several functional properties, such as gelling and emulsifying capacity 
and also good solubility in water (DULLIUS et al., 2018; GANJU & GOGATE, 2017; 
BOŽANIĆ et al., 2014). 
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Whey proteins are amphiphilic molecules, capable of interacting with themselves or 
with other molecules through electrostatic attractions (CAMPIÑA et al, 2010). In this way, 
whey proteins can interact electrostatically with chitosan, as it has a positive charge due to the 
presence of amino groups in its structure (CHIAPPISI & GRADZIELSKI 2015). The systems 
formed between whey proteins and chitosan, electrostatic complexes, are widely used in the 
formation of biodegradable films for food storage, emulsion stabilization and selective protein 
removal from mixtures (CAMPIÑA et al, 2010),  
2.6. Biopolymers and electrostatic complexes formation 
Biopolymers are natural polymers produced from raw materials from renewable 
sources, such as cellulose, chitin and maize (BRITO et al, 2011), being considered as eco-
friendly and sustainable (KANMANI et al, 2017). They are classified into four main classes: 
proteins, lipids, polysaccharides and special polysaccharides (GOMATHI et al, 2017). The 
main characteristics of biopolymers are biodegradability, biocompatibility, non-toxicity and 
low cost (GOMATHI et al, 2017). These characteristics explain it widely use, for example in 
the control of stability, texture and structure of food systems (RU et al, 2009), in the removal 
of pollutants from water (KANMANI et al, 2017) and also in the controlled release of drugs 
and bioactives (PATINO & PILOSOF, 2011). 
Proteins and polysaccharides are still considered polyelectrolytes (MEKA et al, 2017) 
because when placed in aqueous solution they are able to spontaneously acquire positive or 
negative liquid charge in a suitable polar solvent, such as water                                          
(BURIULI & VERMA, 2017 ). When opposite charged the polyelectrolytes tend to associate 
through electrostatic interactions and form three-dimensional structures, called polyelectrolyte 
complexes (PECs) (DAS & TSIANOU, 2017, COIMBRA et al, 2014). In addition to 
electrostatic forces, other interactions may also contribute to the formation of complexes. 
Among them are the hydrogen bonds, van der Waals forces, hydrophobic interactions and 
interactions between dipoles (MEKA et al, 2017). 
The formation of the PECs is governed by entropic processes, in which the low 
molecular weight counts-ions are released, resulting in a higher entropy level of the system 
(COIMBRA et al, 2014). PECs are formed in three distinct stages. In the first stage, the 
formation of the primary complex occurs, instantaneously due to the electrostatic attraction. 
In the second step, new bonds occur within the complex itself that may result in chain 
rearrangements. In the third and last step, the formed complexes aggregate through 
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hydrophobic interactions (DAS & TSIANOU, 2017). Factors such as pH and ionic strength of 
the medium, charge density, conformation and concentration of the biopolymers influence the 
formation of PECs (YE, 2008). If these variables are modified, for example the concentration 
or the charge of the biopolymers change, the characteristics of the PECs are modified, since 
these are considered "living" systems capable of responding to changes in the medium 
(MEKA et al, 2017). On literature there are several studies that investigate the electrostatic 
complexes between WPI and chitosan. Ye and Chien (2018) studied the interactions between 
these two molecules and found that at pH 5.0 and 6.0, chitosan and WPI forms different 
complexes, that was influenced by heating and by chitosan/WPI ratio. By isothermal titrations 
calorimetry (ITC), Souza et al (2009) evaluated the chitosan-WPI PECs formation. At pH 
lower than 5.0, the interaction enthalpy was zero, meaning that no significant interactions 
occurs at these pH, since at this pH WPI and chitosan are positive. At higher values of pH 
(5.8-5.5), there is an exothermic interaction, which can be assigned to electrostatic attraction 
due to the biopolymers being oppositely charged. Liu et al (2015) studied the effect of 
chitosan addition on protein-coated lipid droplets. In this study they showed that the WPI-
chitosan interactions played an important role on properties of protein-coated lipid droplets: 
the protein-coated lipids droplets were more stable when chitosan was added and WPI-
chitosan interactions occurs and consequently the lipid digestion rates decreased. 
2.7 Fourier Transformed Infrared Spectroscopy (FTIR) and Nuclear Magnetic 
Resonance Hydrogen (¹H NMR) 
 Chitosan deacetylation degree (DA) is an important parameter that is related to various 
of its properties, i.e. chain conformation and stiffness (KASSAI, 2010). The evaluation of DA 
is important to understand the relation among its structure and properties. Usual techniques 
used to determine chitosan DA are: FTIR-IR – ATR, NMR, near infrared spectroscopy (NIR), 
ninhydrin assay, colloidal titration, conductometric titration, potentiometric titration, 
elemental analysis, and thermal analysis with Differential Scanning Calorimetry (DSC) 
(KASSAI, 2010; KASSAI, 2008). 
 The Fourier Transformed Infrared Spectroscopy (FTIR) is a technique based on 
molecular vibrations, that is specifically related to intra and inter-molecular interactions and 
gives a fingerprint of the molecule (BUNACIU et al.; 2011). FTIR spectra is usually recorded 
at middle infrared (4000 to 400 cm
-1
) and it could be done using attenuated total reflectance 
(FTIR_ATR) (KUMIRSKA et al., 2010).  
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 The FTIR technique is capable to detect signals of the molecule, including the 
impurities presents on it. The presence of impurities induces the interference peaks on the 
spectra and consequently it affects the positions and intensities of the peaks characteristic of 
the molecule (KASSAI, 2008). On FTIR analysis is usual to define a peak as internal 
reference (BUNACIU et al.; 2011). As chitosan FTIR spectra varies according to the DA, 
there is no a unique reference brand to be used as reference (KASSAI, 2008). The principles 
reference peaks on chitosan spectra are: amide I bands at 1655 cm
-1
, OH stretching band at 
3450 cm
−1
, C-H stretching band at 2870–2880 cm−1 the –CH2 bending centered at 1420 cm
−1
 
,the amide III band at 1315–1320 cm−1, the anti-symmetric stretching of the C-O-C bridge at 
1160 cm
−1
, the vibrations involving the C-O-C stretching bands at 1070 or 1030 cm
−1
, and the 
band at 897 cm
−1
 (C-O-C ) (KUMIRSKA et al., 2010). 
The Nuclear Magnetic Resonance Hydrogen (¹H NMR) is another technique used to 
estimate chitosan DA. The ¹H NMR spectrum of a polymer is a superposition of the 
individual units that forms its chain (KASSAI, 2010). On chitosan structure, each unit of the 
residue present six carbons atoms and seven hydrogen atoms, that are responsible for the C-H 
linkages. Besides that, there are four hydrogen atoms bonded to four oxygen atoms, that 
compose the O-H groups (KASSAI et al, 2010). The typical ¹H NMR spectra for chitosan 
shows signals at 4.9 ppm, 4.6 ppm, 3.5 – 4.0 ppm, 3.2 ppm and 2 ppm, that are related 
specifically with the chemical shifts for each hydrogen present on chitosan structure 
(KUMIRSKA et al, 2010). 
The ¹H NMR spectra of chitosan are usually recorded at acid solutions and high 
temperatures (about 80 ºC). The high temperature is used in order to obtain a clear and 
resolved spectrum. As chitosan has high molecular weight, it produces solutions with high 
viscosity. The reduction of the viscosity improves the molecule mobility and consequently the 
spectra quality (KASSAI, 2010; KUMIRSKA et al 2010). 
For both ¹H NMR and FTIR techniques, the presence of moisture and impurities 
creates some interference peaks that change the typical positions of the polymer peak 
(KASSAI, 2010; KASSAI, 2008). 
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 In this chapter the materials and the methodology are described. The development of 
this study is divided into two parts. In the first part, chitosan hydrolysis and the biopolymers 
characterization were performed. In the second part, a model emulsion was developed. 
Chitosan and oligomers were added into this emulsion in order to understand their effect on 
the de-emulsification processes. 
3.1. Materials  
Commercial chitosan (75 – 85 % deacetylated, 50kDa – 190kDa) was purchased from 
Sigma Aldrich (St. Louis, MO, EUA) and papain (EC 3.4.22.2) was kindly donated by Prozyn 
Biosolutions (São Paulo, SP, Brazil). Whey protein isolate (WPI) (Lacprodan SP-9225 
Instant) was donated by Arla Foods Ingredients (Denmark) and sunflower oil was purchased 
in the local market (Cargill, Mairinque, SP, Brazil). All other reagents were analytical grade. 
Ultrapure water (MilliQ System) were used to prepare the solutions.  
3.2 Methods 
3.2.1 WPI, chitosan and oligomers stock solutions  
WPI, chitosan and oligomer stock solutions (0.1 % (w/v)) were prepared by 
dissolution in ultrapure water and maintenance under magnetic stirring overnight at room 
temperature for complete solubilization. For chitosan and oligomer solutions, the pH was 
adjusted to 3.0 with HCl 6N before the agitation. 
3.2.2 Chitosan hydrolysis 
Chitosan hydrolysis was done according to the methodology proposed by Pan et al 
(2015) with papain. Briefly, chitosan solution (8.0 g.L
-1
) was prepared in acetate buffer (0.2 
mol.L
-1
/ pH 4.55) and  the ratio of enzyme to substrate was 0.1037. This solution was heated 
on a water jacketed beaker at 45 ºC during 50 minutes followed by heating (SP 20/100 ID, 
Pentax, São Paulo, Brazil) at 100 ºC for 10 minutes to stop the hydrolysis. After cooling, the 
pH was adjusted to 7.0 with NaOH 0.2 mol. L
-1
 and the solutions were centrifuged (Allegra 
25R, BeckMan Coulter, California, USA) at 3000 rpm/ 4 minutes, 25 ºC. After centrifugation 
the precipitate was collected and freeze-dried. 
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3.2.3 Electrostatic complexes (PECs) 
Different volumes of biopolymer stock solutions were mixed in order to vary the 
proportions from 0 to 10 between chitosan: WPI and oligomers: WPI, keeping constant the 
total concentration of biopolymers (0.1 % v/v). The pH was adjusted to 6.7 with NaOH 1 N 
and the mixture was stirred in an ultra-turrax (4 min/14500 rpm) at room temperature. 
Immediately after their production, size and charge density of PECs were analyzed by 
Dynamic Light Scattering (DLS) (item 3.2.5.1) and the interfacial tension was performed as 
described on item 3.2.5.2. The interactions between biopolymers in the most positively 
charged, neutral and negatively charged PECs were evaluated by FT-IR ATR. 
The morphology of PECs formed with chitosan was evaluated by Electron Microscopy 
Transmission (TEM) in a TEM JEOL-1400 PLUS (120 kV) on the Brazilian Nanotechnology 
National Laboratory (LNNano) of the Brazilian Center for Research in Energy and Materials 
(CNPEM). The PECs were freeze-dried and dispersed in ultrapure water. The solution was 
put on carbon grids (Ultrathin
®
 carbon, 400 mesh). 
3.2.4 Emulsion preparation 
 Oil/Water (O/W) emulsions were prepared in an ultra-turrax (T18, Ika, India) 
(4min/10000 rpm). The emulsions phases were composed by 10 % (w/w) sunflower oil and 
90 % aqueous WPI solution (2% (w/w)). Sodium azide (0.01 % w/v) was added to aqueous 
phase in order to avoid microbial growth. After emulsion homogenization, a fixed volume of 
chitosan and oligomers solutions was added in different initial concentrations (0.00 %, 0.1 %, 
0.66 % and 0.35 % w/v) and the pH was adjusted to 6.7 under magnetic stirring.  
3.2.5 Analysis 
3.2.5.1 Biopolymers characterization: size, charge density, charge density at different 
pHs and interfacial tension 
 
The size, charge density and charge density at different pHs of WPI, chitosan and 
oligomers solutions were measured by Dynamic Light Scattering (DLS) in a ZetaSizer Nano-
ZS (Malvern Instruments, United Kingdom) at 25 ºC. To evaluate the charge density at 
different pH values, NaOH or HCl 0.25 M were used to vary the pH of solutions from 3.0 to 
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9.0. The measurements were done in triplicate. The mean diameter was estimated from 
number distribution by peak mode. 
3.2.5.2 WPI, chitosan, oligomers and PECs interfacial tension 
 Interfacial tension was measured as function of time in a pendant drop tensiometer 
(Teclis, France) at 25 ºC. The measurements were done in triplicate and the drop volume 
varied according to each sample, until in order to the drop reached the Laplacian shape. 
Sunflower oil was dropped in 0.1 % (w/v) of chitosan or oligomers solutions. The interfacial 
tension was evaluated for the most positively charged, negatively charged and neutral PECs. 
3.2.5.3 Crystallinity index 
X-ray diffraction (XRD) analysis was performed to estimate the crystallinity index of 
both chitosan and oligomers. The scans were carried on at 25 ºC from 5º to 100º (2Ɵ) in a 
scan speed of 2 degree/minute. The crystallinity index was calculated according to equation 1, 
proposed by Focher et al (1990): 
𝐶𝑟𝐼(%) =  [(
𝐼110 −𝐼𝑎𝑚
𝐼110
)] 𝑥 100           (1) 
where I110 (arbitrary units) is the maximum intensity at 20 º and Iam (arbitrary units) is the 
amorphous diffraction at 2Ɵ = 16 º. 
3.2.5.4 Fourier transform infrared spectroscopy (FTIR-ATR) 
FTIR-ATR measurements were carried out at Chemistry Institute of Unicamp on a 
FTIR Agilent model Cart 630 in the range from 4000 to 400 cm
-1
. The deacetylation degree 
(DD) of chitosan and oligomers was calculated according to equation 2 (Abdel-Rahman et al 
(2012)), where A1655 and A3450 are the absorbance in the respective wavenumbers. 
𝐷𝐷 = 100 − [
𝐴1655 
𝐴3450
×
100
1,33
]                   (2) 
3.2.5.5. Nuclear magnetic resonance hydrogen (
1
H NMR) 
The sample was prepared according to the methodology proposed by Pighinelli et al. 
(2016). The solvent was prepared by the addition of 0.05mL HCl 6N in 4.95 mL of D2O. 
Then, approximately 20 mg of chitosan or oligomers were dissolved under magnetic stirring 
during 24h at 25 ºC. To ensure the complete solubilization, the solution was put on an 
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ultrasound for approximately 50 minutes. The experiments were conducted at 70 ºC and 400 
and 500 MHz for chitosan and oligomers, respectively. 
To estimate the acetylation degree (DA) of the chitosan or oligomers by NMR, it was 
used the area of the peak on 1.68 ppm (hydrogen of methyl group) and the area of the peak in 
3.65 ppm (hydrogen on position 2 of glucosamine ring) according to the equation 3, proposed 
by Santos and co-workers (2003). These peaks are relatively free of the influence of D2O 
peak. 
%(𝐷𝐴) =  
𝐴𝐶𝐻3
3𝐴𝐻2
 𝑥 100            (3) 
Where ACH3 is the area of the peak on 1.68 ppm and AH2 is the area of the peak in 3.65 ppm. 
3.2.5.6 Emulsion stability 
 Immediately after preparation, the emulsion were transferred to a 50 mL cylindrical 
glass tubes (internal diameter = 2.0 cm, height = 20.0 cm) in order to evaluate the emulsion 
stability. These tubes were covered with a plastic film and stored for 7 days at 25 ºC. Water 
separation index (WSI %) were measured along time according to equation 4. 
𝑊𝑆𝐼 (%) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑜𝑡𝑡𝑜𝑚 𝑝ℎ𝑎𝑠𝑒 (𝑚𝐿)
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 𝑥 100         (4) 
3.2.5.7 Optical and confocal microscopy 
 Optical microscopy was done immediately after the emulsion preparation and after 24 
hours. Carl Zeiss Model mf-AKS 24 X 36 EXPOMET microscope (Zeiss, Germany) 
equipped with 100x optical lens was used to visualize the emulsions structure. 
 Sunflower oil was stained with Nile red (Sigma Aldrich), WPI with Rhodamine B, 
chitosan and oligomers were labeled with FTIC (Sigma Aldrich) according to Qaqish & Amiji 
(1999) with modifications to evaluate emulsions using confocal microscopy. Briefly, a 
solution of chitosan or oligomers (1.0 % w/v) was prepared in acetic acid (0.1 M) and agitated 
under magnetic stirring during 24 hours. After this period, 100.0 mL of dehydrated alcohol 
and 50.0 mL of FTIC solutions in dehydrated alcohol (0.5 mg/mL) were added on chitosan or 
oligomers solutions. The reaction was maintained under magnetic stirring (3 hours/ 300 rpm) 
in dark. After that, the pH of solution was adjusted to approximately 7.0 with NaOH solution 
(0.2 M) in order to precipitate chitosan or oligomers. This solution was centrifuged (3 
minutes/1500 rpm) (Allegra 25R, BeckMan Coulter, California, EUA) and the precipitate was 
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washed with distilled water until no more FTIC were found in the supernatant. The precipitate 
was freeze-dried. Samples were examined in the National Institute of Science and Technology 
on Photonics Applied to Cell Biology (INFABIC) at the University of Campinas using a Zeiss 
LSM 780-NLO confocal on an Axio Observer Z.1 microscope (Carl Zeiss AG, Germany). 
3.2.5.8 Rheological measurements 
 Rheological measurements of the emulsions upper phase were performed 24 hours 
after preparation in a Physica MCR301 (Anton Paar, Graz, Austria) rheometer at 25 ºC. 
Roughed plate geometry was used for the emulsions added of chitosan or oligomers and a 
cone-plate geometry for the control (without chitosan or oligomers). Flow curves were 
obtained by an up-down-up program with shear rate varying between 0 and 300 s
-1 
at 25ºC. 
The data were fitted to Herschel-Bukley model (equation 5). Frequency sweep were 
performed between 0.01 to 10 Hz at 25ºC and 1 % strain (within the linear viscoelastic 
domain).  
𝜎 = 𝜎0 + 𝑘. (𝛾)
𝑛          ( 5) 
where σ0 (Pa) is the yield stress, k (Pa.s) is the coefficient of consistency and n is the behavior 
index. 
3.2.5.9 Color analyzes 
 Color analyzes were based on CIELAB system. To measure L*, a* and b* parameters 
aliquots of the emulsion bottom phase were put in a glass bucket and analyzed in a 
colorimeter (ColorQuest II HunterLab) in total transmission mode and observation angle was 
10º. The color difference (∆E) was calculated according to equation (6) between the control 
and emulsions with of commercial chitosan and oligomers: 
∆𝐸 = √∆𝐿∗2 +  ∆𝑎∗2 +  ∆𝑏∗2     (6) 
Where L* is the lightness, a*is the redness and b* the yellowness of samples (GIL-MUNÕZ 
et al, 1997). 
3.2.5.10 Chemical oxygen demand (COD) 
 The COD measurements were done based on colorimetric method, proposed by 
Adams (1990). To measure the COD of emulsions aqueous phase, a standard curve of 
potassium biphtalate was done with concentration ranging from 25 to 900 mg COD. L
-1
. 2.5 
mL of emulsions aqueous phase were put in a tube followed by addition of 1.5 mL of 
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digestion solution (10.22 g of potassium dichromate, 33.30 g of sulfuric acid and 167 mL of 
mercury sulfate in 1 L of water) and 3.5 mL of catalytic solution (10 g of silver sulfate in 1 
liter sulfuric acid). The tubes were heated (~150 ºC) in a digester block over 2 hours. After 
cooling, the absorbance was read at 610 nm in a spectrophotometer. All measurements were 
done in triplicate. 
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Electrostatic complexation between chitosan oligomers 
and whey protein isolate (WPI): effect of size and 
charge density on the interfacial properties 
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Modifications on chitosan structure as hydrolysis may change chitosan properties, as 
deacetylation degree, chain stiffness, size and charge density (MOURYA & INAMDAR, 
2008; LEVETIN et al, 2014). As a consequence, these changes can influence chitosan-WPI 
interactions and PECs formation, as well as their properties. Therefore FT-IR, DRX, H
1
 
NMR, size and charge density analysis were performed in order to understand the 
modifications induced by chitosan hydrolysis.  
4.1 Chitosan hydrolysis and modifications on their structure 
Papain is a cysteine protease that can hydrolyses chitosan molecule by the cleavage of 
glyosidic linkage (β 1-4) releasing the β-(1,4)-2-amino-2-deoxy-D-glycopyranose (GlcNAc) 
and N-acetil-D-glucosamine (GlcN) units (KUMMAR et al., 2004; AMRI & MANBOYA, 
2012). The FT-IR spectra for both chitosan and oligomers are shown on Figure 4. According 
to Kassai (2008), the absorption at 897 cm
-1 
is related to the stretching of C-O bonds of 
glyosidic linkage. Chitosan spectra show absorption near 892.9 cm
-1
 suggesting the presence 
of glycosidic linkage. The absence of this absorption on oligomers spectrum confirms that 
papain has cleaved the chitosan glycosidic linkages. According to Kummar and co-workers 
(2004), the presence of the peak centered at 3450 cm
-1
 refers to O-H linkages. The absence of 
this peak occurs both for chitosan and oligomers spectra. This result suggests that the O-H 
fraction of CH2OH or O-H groups from glycosidic ring are involved in intra and inter 
molecular hydrogen bonds (KASSAI, 2008). Above 3000 cm
-1
, chitosan showed one peak 
centered at 3347.9 cm
-1
 while for oligomers three peaks were observed at 3418.8, 3267.8 and          
3150.3 cm
-1
. The presence of peaks at higher frequencies for chitosan suggests a more 
organized structure (PRASTRATH, 2002), suggesting that the breakdown of glycosidic 
linkages occurs in a random way (XIE & JIA, 2011). The peaks centered at 1655.3 and 
1636.3 cm
-1
 for chitosan and oligomers, respectively, are related to the amide I (C=O) 
(GOMATHI et al, 2017). For oligomers this signal was more intense and suggests that the 
hydrolysis intensified the linkages of the glycosidic ring. Other evidence that corroborate this 
hypothesis is the peak centered at 1541.6 cm
-1
, which was more intense for oligomers than 
chitosan. This peak, between 1570-1515 cm
-1
 is related to the deformation of N-H linkages 
and stretching of C-N (SILVERSTEIN et al, 2005).  
The deacetylation degree (DD) of chitosan and its oligomers was estimated from FT-
IR analysis according to equation 2 (item 3.2.2.5, Chapter 3). The DD found for chitosan and 
its oligomers was 25.65 % and 22.35 %, respectively. These results differ from those found 
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on literature (NYGAARD et al, 2015) that consider that the minimum deacetylation degree 
for chitosan is 70 %. On FT-IR analysis, the absorbance of some peaks may be influenced by 
sample moisture and the presence of impurities, in case of this some residual solvent, can 
overlap with signals from chitosan (CZECHOWSKA-BISKUP et al, 2012). The influence of 
moisture could be attributed to the fact that chitosan is a hygroscopic material (KASSAI, 
2008). Usually, peaks centered at 1595, 3657 and 3756 cm
-1
 are related to water vapor and 
with the increase in water content, the peaks became more intense (KASSAI, 2008). Even 
after the sample drying, some moisture may had remained. 
 
Figure 4: FT-IR spectra for chitosan and oligomers. 
The 
1
H NMR spectra for chitosan and oligomers are shown on Figure 5. The chemical 
shifts do not differ considerable for both chitosan and their oligomers. The peak at 5.4 ppm 
refers to the hydrogen H
1
, that is bonded to anomeric carbon. The peaks between 5.2 and 3.9 
ppm refers to hydrogen H
3
, H
4
, H
5
 and H
6
 linked respectively at carbon 3, 4, 5 and 6 of the 
glucosamine unit of chitosan or oligomers molecules. The hydrogen H
2
 at 3.6 ppm is related 
to the hydrogen 2 bonded on the carbon 2 of glucosamine unit. The last peak, at 2.4 ppm is 
the methyl hydrogen of acetoamide group. On oligomers spectra there is a peak overlap at 2.4 
ppm. The peak that is overlapping could be assigned to solvents residues from the hydrolysis, 
since the sample was not purified. The spectra obtained for chitosan are in accordance to 
others spectra reported on literature (YANG & MONTGOMERY, 2000; HIRAI et al, 1991, 
LAVERTU et al.; 2003). The acetylation degree (DA) founded by equation 3 (item 3.2.2.6, 
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Chapter 3) were 54.64 % and 50.50 % for chitosan and oligomers, respectively. These results 
differ from those found by FT-IR. This difference between the results was expected, since the 
methods differ on accuracy and some impurities or moisture may create interference on the 
positions and intensity of some 
1
H NMR peaks (KASSAI, 2010). Due to chitosan 
hygroscopicity, the signal for OH group on 
1
H NMR spectra was intensified and as 
consequence, it created a limitation to determine the DA (KASSAI, 2010) 
 
 
 
Figure 5: 
1
H NMR spectra for (a) chitosan (b) and for oligomers in D2O/HCl at 70 ºC 
1 
3, 4, 5, 6 
2 COCH3 
(A) 
1 
3, 4, 5, 6 2 
COCH3 
(B) 
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 Chitosan presented more ordered chains than oligomers (Figure 6). The crystallinity 
index (CrI), estimated by equation 1 (item 3.2.2.4, Chapter 3) was 71.15 % and 59.07 % for 
chitosan and oligomers, respectively. The higher CrI for chitosan is observed on X-ray 
diffractogram showed on Figure 6. Chitosan shows two intense peaks at crystalline region, 
around 2Ɵ = 20º and 2Ɵ = 11º (WEBBER et al, 2018; TAGHIZADEH & DAVARI, 2006). 
These peaks are associated with ordered regions that involve the acetamide groups (KUMAR 
et al, 2007) and hydrogen bonds. Chitosan has a deacetylation degree (DD) of 25.65 % and 
while for oligomers DD is 22.35 %. The reduction on oligomers DD, means a higher number 
of side groups that difficulties chain packaging, resulting in lower crystallinity 
(TAGHIZADEH & DAVARI, 2006). Besides that, for oligomers the absorption above 3000 
cm 
-1 
shows peaks centered at 3418.8, 3267.8 and 3150.3 cm
-1
. These peaks in lower 
frequency when compared with chitosan, confirmed a more disorganized structure for 
oligomers. The disorganized structure observed for oligomers could be associated to chitosan 
hydrolysis, which was done by a non-specific enzyme (XIE et al, 2011). 
 
 
Figure 6: X-ray diffractogram for chitosan and oligomers 
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4.2 Size, charge density and zeta potential scanning 
Figure 7 shows the size distributions for pure biopolymers. WPI hydrodynamic 
diameter measured by DLS was 93.45 9 nm. For chitosan and oligomers, the hydrodynamic 
diameter were 499.73 and 276.56 nm, respectively. 
 
 
Figure 7: Size distributions for pure biopolymers (A) chitosan and oligomers and (B) WPI 
 Zeta potential scanning as function of pH is showed at Figure 8. Both chitosan and 
oligomers were positively charged throughout the pH range evaluated (3.0 to 9.0) due to the 
protonation of their primary amino groups. The charge density of WPI ranged from +28.3 mV 
(at lower pH values) to -33.9 mV (at higher pH values). The higher opposite charge density 
between pure biopolymers was near pH 7.0.  
0
10
20
30
40
50
0,1 1 10 100 1000 10000
N
u
m
b
er
 (
%
) 
Size (d.nm) Chitosan Oligomers
0
10
20
30
40
50
0,1 1 10 100 1000 10000
N
u
m
b
er
 (
%
) 
Size (d.nm) 
(A) 
(B) 
44 
 
 
 
Figure 8: Zeta potential scanning for pure biopolymers. 
 
WPI presented a negative charge density (-31.98 mV) at this neutral pH 6.5. 
According to the graphic on Figure 8, WPI isoelectric point (pI) is around pH 5.0. These data 
agree with others WPI isoelectric point reported on literature (YUAN et al, 2011; 
MANTOVANI et al 2018). Chitosan is a cationic polysaccharide and present positive charge 
density in acidic pH (PICONE & CUNHA, 2013b; CHO et al., 2006) The charge density 
measurements showed monomodal distributions for both chitosan and oligomers, centered in 
+50.71 and +44.34 mV, respectively. According Taghizadeh and Davari (2006), the 
deacetylation degree (DD) is related to the free amino groups of chitosan chain, which 
explains the higher charge density of chitosan comparing to oligomers. Since chitosan DD is 
higher, there are more amino groups on this polysaccharide chain that are able to be 
protonated at acidic pH.  
4.3 PECs formation and characteristics 
Electrostatic complexation (PEC) between protein and polysaccharide is affected by 
several factors, including pH, ionic strength, charge density, polysaccharide concentration and 
biopolymer ratio (DAS & TSIANOU, 2017; YE, 2008). Regarding the biopolymer charge 
density, interactions are enhanced when biopolymers are oppositely charged (YE, 2008). 
Evaluation of zeta potential scanning (Figure 8, item 4.2, Chapter 4, section A) showed that 
the highest difference between oppositely charged biopolymers occurred near pH 6.7. At this 
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pH, β-lactoglobulin (pI ~5.2), the major fraction of WPI (KLINKESORN, 2013), is 
negatively charged while chitosan and oligomers are positively charged. According to Ye 
(2008) the ratio of the biopolymers in a mixture will affect the charge balance of PECs. The 
maximum complexation occurs at a specific ratio where the charge of the PECs tends to the 
neutrality. In the present work, neutral chitosan:WPI complexes were formed at 1.5:8.5 
(+0.49 ± 0.05 mV). For oligomers:WPI the higher complexation occurred at different ratio: 
2.5:7.5(+0.45 ± 0.30 mV) (Table 1). These results indicate that higher amounts of oligomers 
were necessary to neutralize WPI. This fact can be associated with the smaller DD of 
oligomers and consequently zeta potential: on oligomers structure there were less amino 
groups able to be protonated. Depending on the biopolymers in excess, PECs presented 
positive or negative charge (Table 1). Highly charged complexes are usually soluble (YE, 
2008) due to electrostatic repulsion. These conditions made difficult the aggregation and 
smaller complexes were formed comparing with neutral ones (Table 1). In addition to PEC 
charge, the chitosan size reduction due to the hydrolysis also affected the PECs size: 
complexes formed with oligomers were smaller than those formed with chitosan. 
Corroborating with size and charge density data, the FT-IR spectra (Figure 9) of the positive, 
negative and neutral complexes of WPI and either  chitosan or oligomers showed one peak 
centered at 1521.1 cm
-1
. According to Yang and co-workers (2015), the presence of this peak 
is associated to interactions between WPI and chitosan or oligomers and occurs as 
consequence C-H stretching allied to N-H bonds. Peaks centered at 1047.63 m
-1
 and 1025.26 
cm
-1
 were observed for chitosan and oligomers positive complexes, respectively. These peaks 
are related to stretching vibration of C-O in C-O-C groups (REN et al, 2017) present on 
chitosan structure. These peaks have higher intensity on positive complexes due to the excess 
of chitosan or oligomers. The absence of such peak on neutral complexes suggest that 
chitosan or oligomers are completely complexed with WPI. The TEM images of PECs with 
chitosan and WPI are shown on Figure 10. All had a globular form and similar size to that 
measured by DLS. 
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Table 1: PECs with chitosan and WPI or oligomers and WPI. 
Proportions 
Charge density (mV) Size* (µm) 
Chitosan WPI 
8.0 
1.5 
0.5 
2.0 
8.5 
9.5 
+ 19.53 ± 0.18
a
 
+ 0.48 ± 0.05
b
 
-13.48 ± 0.11
c
 
0.98 ± 0.17
a 
5.74 ± 1.90
b 
0.35 ± 0.01
c 
Oligomers WPI Charge density (mV) Size (µm) 
9.0 
2.5 
0.5 
1.0 
7.5 
9.5 
+ 15.31 ± 0.20
d
 
+ 0.45 ± 0.30
e
 
- 12.38 ± 0.16
f
 
0.29 ± < 0.01
d 
1.77 ± 1.63
d,e 
0.17 ± 0.03
e
 
In a column, different letters mean samples statistically different (p < 0.05) 
*As the size distributions were monomodal, the size values was estimated by the Z-average. 
 
   
Figure 10: TEM images for complexes formed with chitosan:WPI. At right PEC 8.0:2.0; in the center 
1.5:8.5 and at left 0.5:9.5. 
(a) 
 
(b)
 
  Figure 9: FT-IR spectra for the most positive, negative and neutral PECs composed by WPI and (a) chitosan 
and (b) oligomers 
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The interfacial activity of a polymer is related to its ability to adsorb onto the interface 
between different phases, reducing the interfacial tension (Babak et al, 2005). WPI is a 
protein with amphiphilic character, showing surface activity, tending to adsorb easily on the 
interface and consequently reducing the interfacial tension between oil and water phases 
(KUHN et al, 2014; PATINO & PILOSOF, 2011). Figure 11 shows the pure biopolymers and 
PECs interfacial tension. WPI initial and final interfacial tension between oil and water phases 
were 23.0 mN. m
-1
 and 11.92 mN. m
-1
, respectively. Both chitosan and oligomers presented 
the statistically the same values of initial and final interfacial tension, which were 26.00 mN. 
m
-1
 and 21.00 mN. m
-1
, respectively. Comparing with WPI, chitosan or oligomers presented 
only a slight  variation between initial and final interfacial tension (Figure 11) suggesting that 
chitosan or oligomers has a negligible surface activity . In fact, at pH 3.0, the primary amino 
groups of chitosan or oligomers are protonated (NH3
+
) (QUN & AJUN, 2006). So, there are 
no pronounced hydrophobic groups that allow the adsorption of chitosan or oligomers onto 
the oil/water interface (SCHULZ et al, 1998). The association between chitosan or oligomers 
with WPI through PECs, reduced considerably the interfacial tension of the isolated 
biopolymers (Figure 11). The positive PEC formed between chitosan and WPI showed the 
lowest interfacial tension, approximately 5.41 mN. m
-1
, suggesting a strong co-adsorption on 
the interface and consequently a better stabilization in comparison with other PECs or pure 
biopolymers. According to Klinkesorn (2013), sunflower oil has a high amount of oleic acid, 
that can interact with chitosan through electrostatic interaction (-COO
-
 and –NH3
+
) resulting 
in interfacial tension decreasing. The higher DD of chitosan suggests more NH3 groups on 
chain that are able to be protonated and  therefore more positive domains are available to 
interact with acid oleic. In negative PECs, the excess of negative charges increased the 
electrostatic repulsion with –COO- of sunflower oil making difficult PEC packaging at the 
interface. Although PEC formed with chitosan could stabilize better the interface those 
formed with oligomers, the smaller size of the later (Table 2) favors their movement towards 
to the interface and easier adsorption. This could be suggested by the pronounced decay of the 
interfacial tension curve presented by oligomers. 
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PEC 
Chitosan Oligomers 
Initial tension 
(mN. m
-1
) 
Final tension 
(mN. m
-1
) 
Tension 
reduction 
(%) 
Initial tension 
(mN. m
-1
) 
Final tension 
(mN. m
-1
) 
Tension 
reduction 
(%) 
Positive 18.13 ± 0.82
aA
 5.41 ± 0.71
aC 
70.16 19.74 ± 0.16
aA 
6.94 ± 0.51
aC
 64.84 
Neutral 17.82 ± 0.40
bB 
5.75 ± 0.11
aD 
67.73 14.72 ± 0.20
bB
 7.96 ± 0.04
aD
 45.92 
Negative 17.69 ± 0.04
bB 
8,59 ± 0.09
bE 
51.44 15.94 ± 0.04
bB
 8.11 ± 0.04
aE
        49.12 
 
 
  
Figure 11:  Interfacial tension for PECs formed with WPI and (a) chitosan and (b) oligomers. 
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Table 2: PECs initial and final interfacial tension (mN.m
-1
) 
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Section B 
Effect of chitosan and their oligomers on 
destabilization of oil / water emulsions containing 
whey protein isolate as emulsifier 
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 In this section, the de-emulsification process was studied. Chitosan and oligomers 
were added into  O/W emulsions stabilized by WPI. Emulsion stability, rheological analysis 
and microscopies were performed in order to elucidate the effect of chitosan or oligomers on 
emulsion destabilization. Also, the chemical oxygen demand (COD) reduction and the color 
difference on emulsion aqueous phase were evaluated. 
4.4 Visual appearance and emulsion stability  
 Figures 12 and 13 show the visual aspects of emulsions with chitosan and oligomers, 
respectively. At 0 and 24h of preparation, all emulsions, including the control (without 
chitosan or oligomers), presented two distinct phases: an upper phase and an aqueous bottom 
phase. The upper phase was turbid and composed by oil, chitosan or oligomer and WPI. The 
bottom phase of emulsions with smaller chitosan concentration was more transparent (Figure 
12). After 24h, all emulsion added of oligomers (Figure 13) showed a transparent aqueous 
bottom phase. The control emulsion showed an aqueous bottom phase after 24 h of 
preparation. Figure 14, shows the kinetics of water separation of emulsions. Both emulsions 
added of chitosan or oligomers presented aqueous phase separation in less than 24 h after 
preparation and remained stable after this period. Emulsions added of oligomers presented 
higher water separation index comparing with those with chitosan, especially the ones added 
of 0.35 % (w/v) and 0.10 % (w/v) of oligomers. It suggested that aqueous phase is less 
viscous making easier the droplet movement and as a consequence the phase separation. 
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Figure 12: Emulsions added of chitosan at t=0 h and t=24 h.         indicate aqueous bottom phase 
and           indicate the cream upper phase. 
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Figure 13: Emulsions added of oligomers at t=0 h and t=24 h.         indicate aqueous 
bottom phase and           indicate the cream upper phase 
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Figure 14: Water separation index (%) over time of emulsions added of chitosan (filled symbol), 
oligomers (open symbol) and pure emulsion (0.00 %).  
4.5 Rheological properties 
Rheological properties of the upper (cream) phase of emulsions are shown on Table 3 
and the flow curves on Figure 15. Emulsions, including the control, presented flow behavior 
index (n) lower than 1, which is characteristic of shear thinning fluids: as the shear rate 
increased; a reduction on apparent viscosities (ƞap) was observed (MCCLEMENTS, 2005; 
SATO & CUNHA, 2007). Increasing concentration of chitosan decreased n or became the 
emulsions upper phase more pseudoplastic (Table 3). The emulsion with 0.35 % of oligomers 
showed the lowest n values and the highest coefficient of consistency (k) and yield stress (τ0). 
This behavior is related with the highest values of ƞap (Table 4) of this emulsion, indicating 
that the structure formed on this emulsion is more flocculated and structured than others. 
According to McClements (2005), the higher viscosity showed for emulsions containing 
flocculated droplets occur due the entrapment of continuous phase on the flocs. The 
coefficient of consistency (k) increases as the chitosan or oligomers increased. Emulsions 
added of chitosan or oligomers, were well fitted to the Herschel- model, which represents a 
power law fluid (since n is lower than 1, a shear thinning fluid) with yield stress (SATO & 
CUNHA, 2007). The presence of chitosan or oligomers led to the formation of a gelled 
structure that was broken as the shear rate increased. Although the control presents n smaller 
than 1, no yield stress was required to start the flow and it was only classified as a shear 
thinning fluid. Shear thinning behavior could be attributed to a deformation of flocculated 
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structures (TADROS, 2004) formed in the presence of chitosan. Similar results were found by 
Speciene and co-workers (2007) when they study the effect of chitosan concentration on the 
properties of emulsion containing WPI. . 
 
Table 3: Rheological properties of emulsions upper phase added of chitosan or 
oligomers. . 
 
 % (w/v) τ0 k n R² 
Oligomers 
0.10 
0.35 
0.66 
3.10 ± 0.13
a1 
98.00 ± 13.00
a3 
41.55 ± 5.35
a2 
0.48 ± 0.25
a1 
45.78 ± 0.1
a3 
11.03 ± 1.07
a2
 
0.81 ± 0.01
a4 
0.08 ± 0.01
a1 
0.38 ± 0.03
a2a3
 
0.97 
0.87 
0.98 
Commercial 
chitosan 
0.10 
0.35 
0.66 
5.87 ± 0.80
a1 
29.25 ± 2.05
a2 
31.50 ± 4.60
a2 
2.59 ± 0.23
a1 
11.08 ± 0.09
a2 
15.54 ± 2.37
a2 
0.58 ± 0.02
a2a4 
0.37 ± 0.01
a2a3 
0.18 ± 0.03
a1a2 
0.99 
0.99 
0.91 
Control 0 - 0.86 ± 0.23
a1 
0.59 ± 0.02
a2a4 0.99 
* In a column, letters with different indexes indicate that samples were statically different 
for p < 0.05 
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Figure 15: Flow curves of the upper phase of emulsions added of (A) chitosan and (B) 
oligomers 
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As mentioned above, the viscosity of a shear thinning fluid (with or not yield stress) 
depends on the shear rate, which is called apparent viscosity (ƞap). depends on the shear rate. 
In this case an increase in shear rate induces the reduction on apparent viscosity (ƞap) 
(MCCLEMENTS, 2005; SATO & CUNHA, 2007). In order to understand how the apparent 
viscosity of emulsions upper phase varies with the shear rate, ƞap was evaluated at 10, 100 and 
300 s
-1 
(Table 4). When shear rate is 10 s
-1
, increasing concentration of chitosan or oligomers 
leads to an increase in apparent viscosity values. Besides that, chitosan or oligomers size also 
affected the apparent viscosity. In general, the apparent viscosity was higher for emulsions 
containing oligomers. Chitosan with smaller size can be easily adsorbed onto oil droplets 
surfaces and as consequence; they formed a more packed structure when compared to 
chitosan with higher size. In fact, the oligomers used in this work presented lower size (mean 
276.56 nm) than chitosan (mean 499.73 nm), which enable a better adsorption onto oil 
droplets and more packed structures. As a result, higher apparent viscosities were observed 
for emulsions upper phase that contain oligomers. 
 
Table 4: Apparent viscosity (ƞap) (Pa.s) of emulsions upper phase with chitosan and oligomers.  
 % (w/v) Ƞap at 10 s
-1 Ƞap at 100 s
-1
 Ƞap at 300 s
-1
 
Oligomers 
0.66 
0.35 
0.10 
6.77 ± 0.44
a2 
15.37 ± 1.16
a3 
0.59 ± 0.11
a1
 
1.04 ± 0.07
a3 
1.64 ± 0.09
a4 
0.20 ± 0.02
a1
 
0.45 ± 0.04
a3a4
 
0.57 ± 0.03
a4 
0.15 ± <0.01
a1
 
Commercial 
chitosan 
0.66 
0.35 
0.10 
5.48 ± 0.70
a2 
5.51 ± 0.19
a2 
1.48 ± 0.18
a1 
0.51 ± 0.21
a1a2
 
0.89 ± 0.01
a2a3 
0.41 ± 0.07
a1 
0.18 ± 0.09
a1 
0.39 ± <0.01
a2a3 
0.25 ± 0.04
a1a2 
Control 0 0.33 ± 0.07
a1 
0.13 ± 0.02
a1 
0.08 ± 0.01
a1 
* In a column, letters with different indexes indicates that samples were statistically different 
for p < 0.05 
 
 
Figure 16 shows the storage (G’) (elastic component) and loss (viscous component) 
(G”) moduli of the emulsions upper phases with chitosan and oligomers respectively. 
Regardless of chitosan or oligomers concentration, all emulsions showed G’ higher than G” 
and these parameters remained almost constant over the frequency. This suggests that the 
rheological behavior is stable during different times of observation including long period. 
Frequency sweeps, allows to define if the material behavior as a gel or a viscous fluid. Gels 
presented higher G’ values (elastic component), than the G” (viscous component) (PATEL, 
2015; TAVERNIER, 2017). The upper phase of emulsions added of 0.66 % of oligomers 
showed G’ values higher than those for emulsions added of chitosan at same concentration. 
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This suggests that concentration and size of chitosan influenced gel properties. According to 
Tavernier and co-workers (2017), the quotient G”/G’ enables to classify the gels as strong 
(G”/G’ < 0.1), weak gels (0.1 < G”/G’ <1.0) or viscous fluid (G”/G’> 1.0). Only control 
showed the quotient higher than 1.0, indicating a viscous solid, which agrees with the curve 
showed for control in Figure 16: G’ was not constant over the frequency evaluated, a typical 
behavior of viscous fluid. For all others emulsions, the quotient G”/G’ was between 0.1-1.0, 
indicating a weak gel. 
 
 
 
Figure 16: Filled symbols (G’) and open symbols (G”) for emulsions added of (A) chitosan 
and (B) oligomers. 
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4.6 Optical and confocal microscopies 
The morphology of emulsions added of chitosan and oligomers are shown in Figure 17 
and 18, respectively. On these microscopies it is possible to see the oil droplets surrounded by 
chitosan or oligomers and WPI. Immediately after preparation (t = 0 h) were observed the 
droplets flocculation on emulsions added of chitosan or oligomers. For smaller concentrations 
of chitosan or oligomers, the droplets flocculation was more intense and a gelled structure was 
formed. As oligomers have smaller size than chitosan, the structure formed with 
WPI/oligomers/oil is more packed than the structure formed with chitosan. The optical 
microscopy showed that, after 24 h of preparation, no changes occurred in the formed 
structure when chitosan or oligomers were added. This fact is in accordance with water 
separation index (Figure 14), which shows that phase separation reached equilibrium after 24 
h of preparation. For control, after 24 h of preparation, the oil droplets were bigger than oil 
droplets at t 0 h. This indicates that oil droplets are flocculated. Figure 19 shows the confocal 
microscopies of emulsions added of chitosan or oligomers. In green is the chitosan or 
oligomers, magenta is the WPI and blue is the oil. It shows clearly the gelled structure formed 
by chitosan or oligomer/WPI/oil. As consequence of flocculation, a gelled structure is formed 
that surround oil droplets. It is possible to note by confocal microscopies that the network 
formed on emulsions added of oligomers was more structured and the oil droplets were more 
involved by chitosan or oligomers and WPI. On emulsions added of chitosan, mainly at 
smaller concentrations, the oil droplets are bigger and there are fewer amounts of chitosan and 
WPI surrounding the oil. For oligomers at the same concentration, the opposite behavior is 
observed by microscopies. 
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Figure 17: Optical microscopies of emulsions upper phase added of chitosan in different 
times: 0h and 24h after preparation. (    10 µm)   
Figure 18: Optical microscopies of emulsions upper phase added of oligomers in different 
times: 0h and 24h after preparation. (  10 µm) 
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Figure 19: Confocal microscopies of emulsions upper phase added of (A) chitosan (B) 
oligomers after 24 h of preparation. Colors green, magenta and blue are the chitosan, WPI and 
oil respectively. For control (0.00 %) oil is red and WPI is green(        1.74 µm) 
4.7 Color and chemical demand oxygen (COD) analysis  
 
The chitosan or oligomers addition to emulsions significantly changed the color (data 
on Table 5) of aqueous phases, as showed on Figures 12 and 13. According to CIELab 
system, the parameter L* refers to the lightness (Muñoz et al, 1997) ranging from 0 (opaque) 
to 100 (transparent). Data on Table 5 shows that the control (0.00 %) and emulsions with 
higher concentration of chitosan had the lower values for the L* parameter, confirming that 
the aqueous phase of these emulsions was more opaque comparing with other emulsions. The 
parameter a* measure the redness (-a* greenness) and b* the yellowness (-b* blueness) (GIL-
MUNÕZ et al, 1997). The value of a* increased as the chitosan or oligomers concentration 
decreased. The higher values were showed for aqueous phase of emulsions added of chitosan. 
Parameter b* was higher for aqueous phase of emulsions added of chitosan and the highest 
value was observed for emulsion with 0.66 % of chitosan. The color difference (∆E) of 
aqueous phase (data on Table 5) can be related to the presence of protein. For the other 
emulsions, the L* parameter was near to 100 (Table 6), indicating a translucent aqueous phase 
and suggesting less amount of proteins. The removal of protein from aqueous phase could be 
associated with their chemical oxygen demand (COD), a parameter related with the amount of 
oxygen which is consumed by organic substances and minerals that oxide under defined 
(A) 
59 
 
conditions (ZUCCARI et al., 2005). The higher COD value (data on Table 6) was observed 
for the control, not added of chitosan or oligomers. For emulsions added of chitosan, as the 
concentration increase, the COD values increases. On the other hand, as the concentration of 
oligomers increased, COD values decreased. This indicates that COD values and 
consequently the removal of protein of aqueous phase, were related to the concentration and 
type of chitosan. This hypothesis is in accordance with data showed on Table 6 and Figures 
12 and 13: emulsions added of oligomers showed the highest L* values and the lowest COD 
values, which confirm the removal of protein from aqueous phase. Oligomers were more 
effective than chitosan on COD reduction, probably due higher quantities of oligomers are 
required to interact with WPI (item 4.3, Chapter 4, section A) size which enables a better 
protein adsorption. Although was expected that the COD increase with the increase of 
oligomers, the opposite was observed. This suggests that with more oligomers available on 
the emulsion more WPI can interact with then. As consequence, it is removed from aqueous 
phase and the COD reduces. 
 
Table 5: Color parameters of emulsions aqueous phase (after 24 h of preparation) and ∆E between 
control (0.00 %) and emulsions added of chitosan or oligomers. 
 
  Color Parameters 
 
Oligomers 
 
L* a* b* ∆E 
0.66%  94.86±0.08
a5 
-0.23±0.01
a2
  1.25 ± 0.03a2
 
78.21 ± 1.53
a3a4 
0.35%  94.19 ± 0.10
a5 
 -0.17± 0.02
a2 
0.96 ± 0.10
a1a2 78.67 ± 1.48
a4 
0.10%  92.42 ± 0.38
a4 
 0.01± 0.05
a3 
1.62 ± 0.20
a2 75.75 ± 1.50
a3 
Chitosan 
0.66%  19.49
 
± 0.19
a2 
0.15 ± 0.11
a3 
6.58± 0.86
a3 
 
2.85 ± 1.26
a1
. 
0.35%  94.78 ± 0.18
a4 
<-0.01 ±0.17
a3 
1.45 ± 0.50
a2 76.42 ± 0.30
a3a4 
0.10%  88.62 ±0.44
a3 
-0.14 ±0.05
a4 
0.38 ± 0.07
a1 72.06 ± 1.07
a2 
Control 0.00 % 16.77 ±1.48
a1 
0.14 ± 0.04
a1 
6.58 ± 0.18
a3 - 
       *In a column, letters with different indexes indicates that samples were statically different for p < 0.05  
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Table 6: Chemical Oxygen Demand 
 
(COD) for emulsions aqueous phase added of chitosan or oligomers (after 
24 h of preparation)  
    g COD.L
-1
 
Oligomers 
0.10 % 
0.35 % 
0.66 % 
8.47 ± 0.16
a4 
4.99 ± 0.17
a2 
35.66± 0.15
a1 
Chitosan 
0.10 % 
0.35 % 
4.09 ± 0.12
a4
 
7.56 ± 0.83
a3
 
77.79 ± 1.86
a1
 0.66 % 
Control 0.00 % 626.45 ± 0.16
a5 
*In a column, letters with different indexes indicates that samples were statically different for p < 0.05. 
4.10. Discussion 
Zeta potential scanning as function of pH (Figure 8, item 4.2, Chapter 4, section A) 
showed that at pH 6.7, both WPI and chitosan or oligomers presented the higher opposite 
charge density. The major protein fraction of WPI (KLINKESORN, 2013), β-lactoglobulin is 
negatively charged (- 31.6 mV) at this pH (pI ~5.2). On the other hand chitosan and oligomers 
are positively charged (+ 11.6 mV and + 14.5 mV, respectively). When biopolymers are 
oppositely charged, they can interact through electrostatic interactions BOUYER et al., 2012). 
As a consequence, a gelled structure is formed between these biopolymers due to weak 
intermolecular forces (BANERJEE & BHATTACHARYA, 2011). The gelled structure was 
confirmed from the oscillatory rheology that showed G’ higher than G” for all emulsions 
added of chitosan or oligomers. In addition to the formation of a gelled structure, it was 
observed a removal of protein from the aqueous phase, as confirmed by color and COD 
analyzes. This removal is associated with the electrostatic complexation between WPI and 
chitosan or oligomers. For emulsions added of chitosan or oligomers, the COD values were 
smaller than for the control. As the concentration of chitosan or oligomers increases on 
emulsions, the COD values became smaller. This occurred because more chitosan or 
oligomers were available to complex with WPI and removes it from the aqueous phase. Due 
to complex formation, the biopolymers entrapped the oil droplets. Chitosan or oligomers are 
positively charged at pH 6.7 which enable their interaction with WPI and oil droplets: 
sunflower oil has a great amount of oleic acid which can form electrostatic complexes with 
chitosan through –COO- and –NH3+ groups (KLINKESORN, 2013; BOUYER et al, 2012; 
LIU et al, 2012). In this way, droplets coalescence was hindered. The confocal microscopy 
(Figure 19) showed that the oil droplets were involved by chitosan or oligomers/WPI 
complexes. The phase separation observed after 24 h of emulsion preparation was attributed 
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to droplets flocculation and followed by gel formation. During flocculation, the aqueous 
phase is released from the network formed by chitosan or oligomers/WPI/oil. The emulsion 
containing 0.35 % (w/v) and 0.10 % (w/v) of oligomers presented the highest water separation 
index. This suggests that when oligomers are in lower concentrations, the viscosifying effects 
on aqueous phase are less prominent and the flocculation was facilitated. Besides the 
viscosifying effects, chitosan size has an important role on emulsion destabilization. The 
smaller size of oligomers lead to better and quickly interface stabilization and a dense gel 
network formation. At higher biopolymer concentrations (0.66 % (w/v) of chitosan or 
oligomers) the aqueous phase becomes more viscous. This makes difficult the droplets 
movement and consequently, their flocculation and phase separation. 
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Chapter 5 
General Conclusions 
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Chitosan hydrolysis led to changes on it size, degree of deacetylation, charge density 
and crystallinity index. The oligomers, obtained by chitosan hydrolysis through the 
breakdown of glycosidic linkage, showed a hydrodynamic diameter of 276.56 nm and surface 
charge of +44.34 mV while the original chitosan presented +50.71 mV. In addition, oligomers 
presented lower degree of deacetylation and crystallinity index (22.35% and 59.07%, 
respectively) when compared with chitosan. 
The addition of chitosan or oligomers led to the emulsion destabilization and the 
formation of a bottom aqueous phase after less than 24 hours of preparation. The aqueous 
phase formation occurred due to the expulsion of water from the structure formed between the 
biopolymers during the flocculation process and the formation of a gelled structure. The 
emulsions added of lower oligomer concentrations (0.35% m/v and 0.10% m/v) presented 
higher water separation index when compared to the others. In addition to the smaller size of 
the oligomers that facilitated the interface stabilization, the viscosity effect also contributed to 
the higher water separation rate. The less viscous aqueous phase of emulsions with lower 
concentration of oligomers, facilitated the droplets movements and the consequent 
flocculation. 
The positive charge density of chitosan at pH (6.7) induced electrostatic interactions 
with whey proteins and sunflower oil. This fact led to the "entrapment" of the oil droplets in 
the structure formed by chitosan and the protein isolate and, therefore, the de-emulsification 
process occurred. However, because of electrostatic interactions with chitosan, whey protein 
isolate was removed from the emulsion aqueous phase and thus, there was a reduction of the 
chemical oxygen demand (COD) of the emulsions added of chitosan or oligomers in 
comparison to the control. The higher reduction of COD was observed for emulsions added of 
oligomers, suggesting that oligomers of smaller size are more efficient in the reduction of 
COD. 
The modifications on chitosan structure lead to differences among PECs formed 
between chitosan –WPI and oligomers – WPI. The better proportion to form the PECs 
occurred in the proportions 1.5 chitosan: 8.5 of protein isolate and 2.5 oligomers: 7.5 of 
protein isolate. At these proportions, the PECs surface density is close to neutrality. The 
greater amount of oligomers required for the formation of the complexes is associated with 
their lower degree of deacetylation and consequently the reduction of amino groups in their 
structure capable of interacting with the whey protein isolate. The formation of the 
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electrostatic complexes was also confirmed by the results of FT-IR. The results showed a 
peak centered at 1521.1 cm 
-1
 for all proportions of complexes evaluated. This peak indicates 
interactions between WPI and chitosan or oligomers.  
The interfacial tension of the electrostatic complexes, independent of chitosan or 
oligomers, was significantly lower in relation to the pure biopolymers, suggesting that this 
association facilitates the adsorption of the biopolymers at the oil/water interface. The greatest 
reduction of interfacial tension occurred when there was an excess of chitosan in the complex, 
i.e., for the positive complex. In the positive complexes, due to the excess of chitosan and the 
higher degree of deacetylation (25.65%) than the oligomers (22.35%), there are more positive 
domains capable of interacting electrostatically with the -COO
-
 group of oleic acid present in 
sunflower oil.  
 Thus, the results obtained showed that in the evaluated pH, the chitosan or its 
oligomers induced the emulsions phase separation even though a limpid oil phase was not 
observed. The addition of chitosan and its oligomers to the emulsions reduced the COD with 
respect to the control, and the reduction was more efficient to oligomers. This demonstrates 
that changes on chitosan structure through hydrolysis have contributed to the improvement of 
COD. Therefore, the addition of chitosan or its oligomers could be an alternative to 
conventional dairy wastes treatments. The addition of chitosan or oligomers to emulsions led 
to gelation of emulsion upper phase that need to be correctly disposed.  
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